Biosensors consist of biochemical recognition agents like antibodies immobilized on the surfaces of transducers that change the recognition into a measurable electronic signal. Here we report a piezoelectric immunosensor made to detect Vibrio vulnificus. A 9MHz AT-cut piezoelectric wafer attached with two gold electrodes of 5mm diameter was used as the transducer of the QCM biosensor with a reproducibility of ±0.1 Hz in frequency response. We have tried different approaches to immobilize antibody on the sensor chip. Concerning the orientation of antibody for the best antigen binding capacity, the antibody was immobilized by specific binding to protein G or by cross-linking through hydrazine. In addition, protein G was cross-linked on glutaraldehyde activated immine layer (PEI) or EDC/NHS activated sulfide monolayer (MPA). PEI was found to be more effective to immobilize protein G following glutaraldehyde activation than MPA. However, hydrazine chip showed a better capability to immobilize more IgG than protein G chip and a higher sensitivity. The sensor system was able to detect V. vulnificus in dose dependent manner and was able to detect bacterial cells within 5 minutes by monitoring frequency shifts in real time. The detection limit can be improved by preincubation to enrich the bacterial cell number.
Biosensors consist of biochemical recognition agents, like enzymes, antibodies, nucleic acids or chemoreceptors, immobilized on the surfaces of transducers that change the recognition event into a measurable electronic signal. Piezoelctric devices have been proposed as probes that are able to continuously monitor affinity reactions (antigen-antibody, DNA hybridisation reaction, etc.), without the use of any label (Minunni et al., 1995; Guilbault et al., 1992; Skladal et al., 1994) . The first use of antigens as coating in quartz crystal microbalances (QCM) was proposed by Shons et al. (1972) . Since then, QCM has been developed as an extremely sensitive mass sensor, able of measuring subnanogram levels (Clark et al., 1989) . The detection limits can be improved by using crystals of higher frequencies (>10 MHz) (Bunde et al., 1998; Lin et al., 1993) and improving the immobilization procedure on the quartz surface (Clark et al., 1989) .
The easiest and quickest way to immobilise proteins onto the gold surface of quartz crystals is physical adsorption due to their hydrophobic properties (Absolom et al., 1987) . Generally, it can be assumed that the biomolecule attachment to gold occurs via binding of the protein disulfide groups (Horisberger and Vauthey, 1984) . This modification scheme is fast and simple, but the mechanism of protein adsorption is affected by many physical and chemical factors re-garding the protein, the metal surface and the solvent (Matsamura and Kleijin, 1993) .
Traditional methods for antibody immobilization on the gold surface of a piezoelectric quartz crystal include coating with protein A (Minunni et al., 1995; Guilbault et al., 1992; Boveniser et al., 1998; Attili and Suleiman, 1995) or silanisation, usually with aminopropyltriethoxysilane and activation with glutaraldehyde (Muramatsu et al., 1987; Steegborn and Skladal, 1997) . Different polymers have also been used including polyethyleneimine (Konig and Gratzel, 1993; Prusak-Sochaczewski et al., 1990) 
Materials and methods

Chemicals
Polyethylene imine (PEI) and 3-mercaptopropionic acid (MPA) were supplied from Sigma-Aldrich.
Activating reagents including sulfide or imine on gold 
QCM biosensor system
A 9MHz AT-cut piezoelectric wafer attached with two gold electrodes of 5mm diameter had a reproducibility of ±0.1 Hz in frequency response and was used as the transducer of the QCM biosensor in this study.
It was mounted on a well holder made with acryl and connected to a home made oscillator module (Daga electronics, Korea). The analogue frequency signals from the oscillator were converted to the digital ones in a frequency counter. The in situ signal was stored in personal computer and performed data analysis using Microsoft excel program.
Preparation of quartz crystals
Piezoelectric quartz crystal was cleaned using piranha solution (H2SO4: H2O2 = 7:3) at 60 o C for 5 min and rinsed with absolute ethanol and distilled water.
Indirect Immobilization of the antibody via proteinG on PEI layer or MPA
The quartz crystal was treated with 2% of PEI (polyethyleneimine) and then activated with 0.2% glutaraldehyde (Fig. 1A) or treated with 10 mM of MPA (3-mercaptopropionic acid) and then activated with 46 mM of EDC/NHS (Fig. 1B) . Protein G (5 mg/ml) was cross-linked on the activated gold surface and uncross-linked residues were blocked by 5% Bovine serum albumin (BSA) in PBS and then antibody (0.5 mg/ml) was added. Thus antibody was immobilised on the quartz through protein G.
Direct Immobilization of the antibody through amino residue coupled to EDC/NHS activated SAM layer
The quartz crystal was treated with 10 mM of MPA (3-mercaptopropionic acid) and then activated with 46 mM of EDC/NHS. Hydrazide was cross-linked on the activated gold surface and uncross-linked residues were blocked by ethanolamine (MPA). Periodic acid treated antibody (0.5 mg/ml) whose aldehyde residues in carbohydrate ring within Fc region was exposured.
The Fc region of antibody was immobilised on the gold surface through amino residues of hydrazide with right direction.
Measurement of frequency changes
To test adsorption level of each substance, 100 μl of PBS was added into the reaction cell of the well holder and measured the resonant frequency until a steady-state baseline was obtained (F1) before incubating a sample in the reaction cell. After washing out unbound substances with PBS several times, 100ul of PBS was added into the reaction cell and the steady-state resonant frequency (F2) was read again to calculate the frequency shift (ㅿF = F1-F2).
Dose response of the sensor system prepared by direct cross-linking
For the dose response, bacterial cell (FKC) was applied at the various dose of 0.01, 0.1, 1, 1, 10 mg/ml and frequency shifts were counted for 5 min. ( Fig. 1) . These results revealed that PEI was more effective to immobilize protein G following glutaraldehyde activation than MPA.
Results and Discussion
However, when the antigen was added at the concentration of 100 mg/ml, the frequency shift was 103±4 and 89±12 Hz, respectively. This is interesting because the frequency change was more the 2 times higher in PEI method but the detection ability is not 2). This result reveals that the direct immobilization of IgG is about 3 times more efficient to immolize IgG than the indirect immobilization using protein G and the sensitivity was also more than 2 times higher.
Though it can be thought that the amount of protein G was not enough to immobilize more IgGs, the direct immobilization method is definitely more efficient if the price of protein G and regeneration process was considered.
Dose response of the sensor system prepared by direct cross-linking
Bacterial cell (FKC) was applied at the various dose of 0.01 to 100 mg/ml and increased frequency shifts in dose dependant manner. Since signal at 0.01 mg/ml was too low, the detection limit of the sensor system seemed to be between 0.1 and 0.01 mg/ml.
Bacterial cell numbers is corresponding to 0.01mg is 10 7 cells. Because we used 0.1ml, detection limit of the sensor system will be higher than 10 6 cells. This sensitivity is not very high but can be improved by stabilising the signal and enrichment of bacteria by preculture before applying to the sensor system.
Conclusion
In conclusion we have developed a biosensor system for the detection of V. vulnificus biotype I using QCM immunosensor system. We have first tested antibody immobilization methods and found that the method immobilizing oxidized IgG on hydrazine chip was more efficient to immobilize IgG and to detect pathogen. Using this method the sensor system was able to detect V. vulinificus in dose dependent manner and the detection limit of the sensor system seemed to be between 0.1 and 0.01 mg/ml. These results reveal that the QCM immunosensor system can be developed as a promising diagnostic device for the rapid detection of aquatic pathogenic bacteria.
